tools were developed to reduce delays and stops experienced by urban drivers. More recently new methods in traffic signal optimization have incorporated changes in drivers' behavior to achieve optimum performance at signalized intersections. Connected vehicles (CV), a technology previously called IntelliDrive, provides a two-way wireless communication environment enabling vehicle-to-vehicle and vehicle-to-infrastructure communications.
Review of PRevious ReseaRch
Numerous studies have already demonstrated the potential of vehicle-to-vehicle communication for improving the fuel efficiency of vehicular traffic on signalized streets. Here the focus is on a few of those studies that are the most relevant to this paper. Widodo et al. investigated the effect of environment-adaptive driving with and without intervehicle communications [vehicle to vehicle (2) ]. A simplistic model for driving behavior and fixed-time traffic signals is applied in this study. Simulation results showed that environment-adaptive driving was effective to reduce the average fuel consumption and vehicle emission. Intervehicle communications
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The highest fuel consumption on urban arterials is associated with driving in congested traffic, characterized by higher speed fluctuations and frequent stops at intersections. One way to reduce excessive stopand-go driving on urban streets is to optimize signal timings. More recently, new methods in traffic signal optimization have incorporated changes in drivers' behavior to achieve optimum performance at signalized intersections. Connected vehicles technology provides a two-way wireless communication environment enabling vehicle-to-vehicle and vehicle-to-infrastructure communications, which can be used for a variety of mobility and safety applications. One such application is called the green light optimized speed advisory (GLOSA). This system uses timely and accurate information about traffic signal timing and traffic signal locations to guide drivers (through infrastructure-to-vehicle communication) with speed advice for a more uniform commute with less stopping time through traffic signals. A GLOSA implementation was evaluated for two types of traffic signal timing: predictable fixed-time signal timing and unpredictable actuated-coordinated signal timing. A two-intersection traffic network was modeled in VISSIM to achieve trustworthy results calibrated in the field. A comprehensive modal emission model was used to accurately estimate emissions. Experiments included various infrastructure-to-vehicle penetration rates and GLOSA activation frequencies. Results indicated that actuated-coordinated signal timings were not dependable for use in GLOSA systems. For fixed-time signals, higher penetration rates and more frequent GLOSA activations resulted in better traffic performance. GLOSA caused only minor improvements in fuel consumption, and average delay in vehicles stopped was improved significantly.
The highest fuel consumption on urban arterials is associated with driving in congested traffic, characterized by higher speed fluctuations and frequent stops at intersections. The best flow of traffic on arterial streets, in regard to fuel consumption and emissions, is the one with the fewest stops, shortest delays, and moderate speeds maintained throughout a commute (1) .
One way to reduce excessive stop-and-go driving on urban streets is to optimize signal timing. Historically, signal timing optimization can improve those effects under high vehicle densities and long signal cycles (2) .
In a similar study Sanchez et al. investigated the effect of a GLOSA-like algorithm on fuel consumption in an I2V environment (3) . Simulation results show that a 30% fuel consumption reduction can be obtained if just one out of 10 cars uses the proposed driver model (3). Wegener et al. added two levels of complexity to GLOSA-like approaches (4). They simulated traffic dynamics in a traffic simulator (SUMO) while communications in vehicular ad hoc networks (VANETs) were modeled in a network communication simulator [TraCI (4)]. A feedback loop was established between the two simulators (4). Tielert et al. coupled the passenger car and heavy duty emission model (PHEM) with VISSIM, a PTV traffic simulation model, to investigate the effect of a GLOSA-like approach on fuel consumption and emissions (5) . Sensitivity analysis identified gear choice and the distance from the traffic light at which vehicles are informed as key influencing factors (5) . Results indicate that a suboptimal gear choice can void the benefits of the speed adaptation (5). This study had a higher resonance in the traffic engineering community because PHEM and VISSIM are considered tools that can replicate field emissions and traffic performance measures, respectively (5). Asadi and Vahidi went a step further and proposed a predictive vehicle cruise control based on optimization of vehicular trajectories through several downstream traffic signals (6) . The potential effect this signal-to-vehicle communication might have on fuel consumption, emission levels, and trip time was demonstrated with three example simulation case studies (6) . Katsaros et al. tested a GLOSA-like scenario in a two-intersection model developed in SUMO (7) . The authors used Fraunhofer VSimRTI to enable an online interface between traffic and communication simulation models (8) . Results show that the higher the GLOSA penetration rate provided, the more benefits in regard to fuel consumption and traffic congestion (7) . As the density decreases, the benefits for fuel efficiency are reduced, but the traffic efficiency however is increased (7) . Also, the optimal activation distance at which the GLOSA application should advise the driver is found to be near 300 m from the traffic lights, but it depends slightly on the road network (7).
In summary, numerous studies have proved the effectiveness of GLOSA and similar fuel-saving algorithms on the basis of infrastructure-to-vehicle or vehicle-to-vehicle communication or both and information from traffic signals. However, most of these studies make one crucial assumption that may not hold in field operationsthey assume that signal timing (duration and beginning of green and other intervals) is constant (fixed time). In reality, especially in the United States, traffic signals consist mainly of actuated (coordinated or not) traffic signals whose green phases cannot be (easily) identified in advance because of the randomness in vehicular actuations.
Methodology
Methodologically, this paper presents a novel and simplistic method to derive vehicle position and order in the vehicular queue on the basis of basic kinematic formulas for speed and discharge headways and saturation flow rates. Another significant contribution is the integration of the GLOSA algorithm into a VISSIM C2X platform, which provides extra validity to the results because VISSIM is considered one of the most advanced traffic microsimulation tools.
The tests are performed on a two-intersection traffic network whose simulation performance metrics are calibrated and validated to resemble those observed in the field.
simulation approach
Simulating the GLOSA usually represents a challenge in regard to combining and synchronizing different simulation platforms, for example, vehicular traffic, network communication, and application handling. The following assumptions were made in this study in contrast to previous similar studies:
• Simulation framework. Many studies use two simulation components to model traffic and communication between vehicles and infrastructure. In this study emphasis was given to the integration of the two simulations in which communication between vehicles and infrastructure was assumed to be ideal and punctual. While VISSIM was used to simulate traffic, its Car2X module represented an infrastructure-to-vehicle communication platform and the COM interface was used to retrieve current states of the relevant signal phases. The application that implements the GLOSA algorithm using the listed tools was written in C++.
• Traffic model. VISSIM is a microscopic time-step and behaviorbased model developed to simulate urban traffic and public transport operations (9) . The accuracy of a traffic simulation model is dependent mainly on the quality of vehicular modeling, such as the methodology of moving vehicles through the network. In contrast to less complex models that use constant speeds and deterministic carfollowing logic, VISSIM uses the psychophysical driver behavior model developed by Wiedemann (9).
• Emission model. Because VISSIM does not generate reliable fuel consumption and emission estimates, a decision was made to use the comprehensive modal emission model (CMEM) to measure the fuel efficiency of the GLOSA application (10) . After a variety of enhancements, the latest CMEM version includes submodels for light-duty vehicles (LDVs) and heavy-duty diesel (HDD) vehicles. These submodels estimate vehicle tailpipe emissions (carbon monoxide, hydrocarbons, oxides of nitrogen, and carbon dioxide) in different modes of vehicle operation, such as idling, cruising, acceleration, and deceleration.
• Traffic signals. VISSIM has several ways of modeling traffic signal control. One of the most popular ways is ring-barrier controller (RBC), which emulates the industry standards in traffic control established by the National Electrical Manufacturers Association. Recent experiments showed that signal timing generated by VISSIM's RBCs does not differ practically from that generated by real-world controllers (11) .
• Driver behavior. The authors established two major simulation scenarios, each of which has additional subscenarios. In the first scenario, drivers did not receive any speed advisory information, and the basic concept of the psychophysical driver behavior model developed by Wiedemann was applied [as cited in the VISSIM user manual (9)]. This concept assumes that a driver of a faster-moving vehicle starts to decelerate when reaching his or her individual perception threshold when approaching a slowermoving vehicle. In the second scenario, GLOSA sends speed advisory messages (i.e., desired speed) to each individual driver. All drivers who get a speed advisory message are assumed to adjust their speeds accordingly. However, drivers do not react immediately, and they do not reach the exact advisory speed. Once they are instructed to change their speed, the instruction serves as a recommendation that will be followed with a 100% compliance rate but with some stochastic variations. In this way, realistic field driving behavior is applied.
• Vehicle types. In this study, warm-start personal cars defined as LDVs in the CMEM were evaluated. For the sake of simplicity, a fleet population consisting of 100% LDVs was assumed.
• Performance measures. Four performance metrics were used to evaluate the effect of the GLOSA approach on traffic performance in a network. Total delay, number of stops, and average stop time of vehicles waiting at the intersection behind red lights are metrics measuring the traffic efficiency of the GLOSA application. The fourth measure is fuel consumption from the CMEM. GLOSA was expected to affect significantly any of these three performance measures (e.g., reduce stops, reduce average stop delay, but maybe increase the total delay).
• Penetration rate and speed updates. The percentage of GLOSAequipped vehicles was controlled to monitor the effect of the penetration rate on the success of the GLOSA approach. Also, the frequency of GLOSA's activation (or the update of speed advisories) was varied to model how potential computation or communication delays or both may affect the overall traffic performance.
glosa algorithm
An algorithm developed to implement GLOSA in a VISSIM simulation environment is shown in Figure 1a . The application collects information about all vehicles that can currently communicate with the infrastructure (Car2X vehicles in VISSIM). For each vehicle approaching a traffic signal, the algorithm determines a range of feasible speeds [vMin, vMax] , which if implemented, would enable the vehicle to pass through the intersection without stopping. If the vehicle's current speed is already within that range, the algorithm then examines the next vehicle. In this manner the algorithm avoids sending a speed advisory message unless it is evident that such action would be beneficial (e.g., to clear the intersection during the first green light). Furthermore, computation and communication costs of GLOSA systems are reduced, better representing fieldlike conditions. Thus, the GLOSA algorithm affects only those vehicles that if continuing to travel with their current speed, would arrive at an intersection during the red signal phase. Those vehicles would be advised to change their speed [within a permitted range (speedMin, speedMax)] in such a way that they pass (without stopping) through an intersection during the green light. To determine whether a vehicle will have to stop at the intersection, the current length of the queue at the relevant intersection approach is considered. The vehicular queue on each intersection approach is estimated by considering the position of an arriving vehicle and its speed. Since a vehicle's position is communicated to the controller each second, it is easy to know whether a vehicle is on a particular link in front of the signal's stop line. If its speed is lower than 3.6 km/h, the program considers that a vehicle is stopped and part of the queue. The queue length is then estimated by simply adding all vehicles on a given approach whose speeds are lower than the given threshold. Discharge of the queue once the signal phase for relevant movement turns green is also handled by the GLOSA algorithm. The variable dischargeHeadway, given in the GLOSA algorithm (Figure 1a) , represents the time required to empty the queue and is calculated according to recommendations from Greenshields et al. (12) . This variable represents a sum of the discharge headways for all vehicles in the queue. According to Greenshields et al., the first five headways are 3.8, 3.1, 2.7, 2.4, and 2.2 s (12). After the fifth vehicle, the headways level out at 2.1 s.
If the current signal state is red, the implemented GLOSA application will send speed advisories that will enable vehicles to pass through the intersection during the next green phase. However, if the current signal phase state is green, an advisory speed may be sent out either for the current phase (if feasible) or for the next green phase.
Unlike the algorithms proposed by others, the GLOSA algorithm proposed here neglects the current vehicle's acceleration (7) . Initial experiments with vehicle acceleration generated unstable solutions (in which a vehicle's acceleration oscillated on the basis of the dynamics of the traffic flow preceding the vehicle). All of the times necessary to travel to the signal are then calculated by using a basic formula, given by Equation 1:
where t = time, d = distance, and v = speed.
VISSIM provides a vehicle's desired speed at each simulation step, while such speed would have to be derived from a vehicle's speed history in field implementations (e.g., a moving average for the last x s without any acceleration or deceleration). If the GLOSA algorithm finds that it is beneficial for a vehicle to modify its speed, then the new desired speed is calculated according to the algorithm given in Figure 1b . As a result, the new desired speed will be a minimum of the following two speeds: (a) the speed sufficient for a vehicle to arrive at the beginning of the green phase (vMax) or (b) the maximum allowable speed (speedMax), which is usually 5 mph over the speed limit.
Simulation Setup and Scenarios
To evaluate the GLOSA application, a section of the corridor along 3500 South Street in Salt Lake City, Utah, was used ( Figure 2 ). A VISSIM model of the study case segment was built, calibrated, and validated on the basis of data from the field. These data included signal timings, speed limits, p.m. peak 15-min turning-movement counts, and queue lengths at some intersections. To calibrate the VISSIM model, signal timings from the field, speed limits, 15-min turning-movement counts, and queue lengths at some intersections were used. To validate the model, travel times (floating car with Global Positioning System device) along the arterial were measured while passing times at each intersection were recorded. High coefficients of determination (R 2 ) for the two pairs of data sets (.988 for calibration and .986 for validation) show that a reliable model of the current traffic conditions on this arterial segment was achieved (11) .
Since the two signalized intersections have actuated-coordinated traffic control, frequent changes in phase durations hinder the benefits of a GLOSA implementation. To determine the relationship between GLOSA benefits and traffic control types, a series of simulations was conducted for actuated-coordinated and fixed-time coordinated traffic control.
Two major scenarios were tested for each of the two basic cases (with GLOSA and without GLOSA). The first scenario assumes that the signal timing plans are fixed and the lengths of green, red, and yellow intervals remain constant. The second scenario considers actuated-coordinated signal timings (from the field) in which green and red intervals may change on the basis of individual actuations of the arriving vehicles. Most of the recent studies on GLOSA assume fixed-time signal timings, which are known in advance and completely predictable (2) (3) (4) (5) (6) (7) .
So considering that fixed-time signal timings are constant, their use in a GLOSA application was straightforward. Because field signals run actuated-coordinated operations, the fixed-time signal timings were developed in such a way that their green splits are equivalent to the green splits of the actuated-coordinated signal timings from the field (as recommended by current practice).
However, the use of actuated-coordinated signal timings was much more complex. Unlike fixed-time signal timings, actuated-coordinated signal timings vary from cycle to cycle while actual durations of an individual phase's green depend on minimum and maximum green times, vehicle extension, and actual vehicular actuations. Since some of these variables cannot be known in advance (e.g., vehicular actuations), it is difficult to predict the actual duration of a phase's green. Therefore, it was assumed that an average green for each phase can be taken in lieu of an actual phase's green duration. In reality, these green times are sometimes reported as historical records by central traffic control systems (e.g., split history in ATMS.Now). For the sake of developing the estimated green times of actuated-coordinated operations, VISSIM's utility was used to record signal timing changesan output file that generates frequency histograms of red and green intervals for individual signal phases. So, average green times for actuated-coordinated operations were obtained as follows: first, a no-GLOSA scenario with actuated-coordinated signal timings was run multiple times. Then, average values of green intervals for each phase were used to indicate (on average) duration of each green light. Finally each of the subscenarios (fixed time versus actuated-coordinated) was tested to investigate the effect of GLOSA activation frequency and infrastructure-to-vehicle penetration rates.
The GLOSA activation frequency refers to how frequently (every 1, 2, 5, or 10 s) a GLOSA algorithm is executed and speed advisory messages are communicated to vehicles. A practical implication of these tests was to model GLOSA implementation in a fieldlike environment where potential computation restraints or communication delays may prohibit GLOSA from implementing frequent and accurate speed advisories. Finally, each of the subscenarios was separately tested for fuel consumption and emission estimates, which required postprocessing of VISSIM data (vehicular trajectories) in the CMEM. More information about the nature of the CMEM and the postprocessing of VISSIM data can be found elsewhere (13) . Table 1 shows simulation results for multiple random seeds. The simulations were conducted for a GLOSA activation time of 1 s in which all vehicles are infrastructure-to-vehicle equipped. Table 1 shows that GLOSA outperforms the basic scenario (no GLOSA) in all performance measures when exact values of signal timings are known (fixed-time scenario). GLOSA improvements vary from reducing vehicle stopped delay by more than 50% to an insignificant reduction in vehicular fuel consumption. When the actuated-coordinated traffic control is evaluated, the GLOSA effect is less obvious and goes from reducing vehicle stopped delay by approximately 3% to increasing total delay by about 13%. These results show that unless accurate durations of green intervals are known, GLOSA's effect on traffic performance may be negligible or negative. In addition, GLOSA always performs better in respect to vehicular stopped delay than to total delay. These delay-related results indicate that GLOSA redistributes the vehicular delay from the stopped intersection delay to the traveling delay, which is the result of speed reduction triggered by a speed advisory message. While there is a common belief that the latter type of delay helps in reducing fuel consumption, results from the experiments clearly show that fuel consumption differences are negligible. Figure 3 shows that GLOSA always generates lower stopped delay per vehicle compared with an instance in which no GLOSA was implemented. For the fixed-time control case it was found that stopped delay increased with the increase in time between two GLOSA activations. The same trend has been observed when other measures of traffic efficiency (total delay and stops) were considered. These results are logical-the less frequent GLOSA computations are, the higher the chance of making erroneous estimations about vehicles' arrivals is and, consequently the less efficient operations are.
Evaluation RESultS and diScuSSion
Conversely, in the actuated-coordinated control case, the highest benefits to the three traffic efficiency metrics (delay, stops, and stopped delay) are achieved when the GLOSA algorithm is activated every 3 s. There is no logical explanation for this trend. However, it is interesting that the same activation frequency brings the highest (although still negligible) reduction in fuel consumption for fixed-time and actuated control cases (Figure 4 ).
In the second set of scenarios, the influence of infrastructure-tovehicle penetration rate on GLOSA effectiveness was measured. The simulations were conducted for a GLOSA activation time of 1 s, which is the best-case scenario.
Others have found that an increase in penetration rates of equipped vehicles allows for a better reduction of fuel consumption in the overall traffic scenarios (4) . Even the nonequipped vehicles are being affected (in a beneficial way) by the GLOSA-equipped vehicles (7). This study confirmed benefits gained and the metrics generated with an increase in the infrastructure-to-vehicle penetration rate.
More vehicles equipped to communicate with intelligent transportation system infrastructure in general means more efficient traffic and lower fuel consumption. However, this hypothesis holds only if one has accurate information about the duration of traffic signal intervals (e.g., green times). If one keeps guessing what the green duration will be, or using average values for signal timings, then GLOSA benefits may be concealed by negative outputs caused by poor knowledge of signal timing changes. These outcomes are clearly visible in Figure 5 for the fixed-time control scenario in which average vehicle stopped delay increases as the GLOSA penetration rate decreases.
Clearly, Figure 5 shows erratic behavior of the GLOSA application under the actuated traffic control regime in which lower delay is sometimes achieved for the lower penetration rate. This finding may be explained by the fact that when erroneous assumptions about the duration of signal timing are made in the GLOSA algorithm, the whole system operates better if fewer vehicles are affected by the process.
Similar findings are observed in the case of fuel consumption (Figure 6) . While GLOSA for fixed-time control behaves somewhat consistently, the GLOSA application for actuated control benefits from a reduction in the number of vehicles that are affected by GLOSA computations. All of the experiments were performed for undersaturated traffic operations, and results for saturated or oversaturated traffic may be different. Also, GLOSA algorithms in general reduce the average traveling speed when compared with no-GLOSA cases.
With the speed limit for given intersections at about 40 mph, which is close to an optimal speed from the perspective of fuel consumption, any scenario that reduces traveling speed increases fuel consumption slightly. So, on one hand, GLOSA reduces fuel consumption by eliminating deceleration-stop-acceleration driving cycles while, on the other hand, it slows traffic down below the optimal cruising speed and consequently increases fuel consumption. The result of these countereffective processes is shown in Figure 4 and Figure 6 , in which fuel consumption levels are similar for most GLOSA scenarios.
conclusions and futuRe ReseaRch
Results suggest that the GLOSA application does not have an equal effect on traffic with fixed-time and actuated-coordinated signal timing plans; the latter ones are collected as averages from historical records and embedded into the GLOSA algorithm. If the phase durations are predictable, as with fixed-time signal-timing plans, then GLOSA has a significantly positive effect on all performance measures. However, if accurate signal timings are not known (as is the case with actuated-coordinated signal operations) then it is likely that GLOSA will not have a positive effect on (or could even worsen) traffic performance.
The higher the GLOSA penetration rate or frequency activation is, the more benefits for traffic. Based on tests with six randomly seeded simulation runs, the estimated reductions in delay, stops, vehicle stopped delay, and fuel consumption are, respectively, 27%, 46%, 52%, and 0.5%. Although GLOSA improves the efficiency of traffic for most cases, fuel consumption benefits remain questionable. On the basis of the results from this study it can be concluded that in the actuated-coordinated control case, the GLOSA algorithm does not reduce fuel consumption. However, findings for the fixed-time control case show that to see improvements in fuel efficiency of traffic streams approaching signalized intersections one would have to ensure the updating of speed advisory information (to each vehicle) at least every 5 s (including communication delays) and have at least 30% of vehicles that can communicate wirelessly with the intelligent transportation system infrastructure.
Future research should include additional experiments to confirm results of the vehicular fuel consumption. Application of the proposed methodology on a larger traffic network would further validate potential benefits. Also, research should investigate how an increase in congestion (e.g., oversaturation) affects the GLOSA and similar algorithms.
